Using hysteresis analysis of high-resolution water quality monitoring data, including uncertainty, to infer controls on nutrient and sediment transfer in catchments 
H I G H L I G H T S
• Hysteretic storm behaviour was analysed in 3 water quality parameters at 2 sites • Storms were analysed within an observational uncertainty framework • Range of metrics were used, including a new index, to quantify storm hysteresis • Differences in transport mechanisms shown between nitrate and TP in chalk system.
• Behaviour was complex but provides insight into catchment processes in landscapes.
G R A P H I C A L A B S T R A C T a b s t r a c t a r t i c l e i n f o
A large proportion of nutrients and sediment is mobilised in catchments during storm events. Therefore understanding a catchment's hydrological behaviour during storms and how this acts to mobilise and transport nutrients and sediment to nearby watercourses is extremely important for effective catchment management. The expansion of available in-situ sensors is allowing a wider range of water quality parameters to be monitored and at higher temporal resolution, meaning that the investigation of hydrochemical behaviours during storms is increasingly feasible. Studying the relationship between discharge and water quality parameters in storm events can provide a valuable research tool to infer the likely source areas and flow pathways contributing to nutrient and sediment transport. Therefore, this paper uses 2 years of high temporal resolution (15/30 min) discharge and water quality (nitrate-N, total phosphorus (TP) and turbidity) data to examine hysteretic behaviour during storm events in two contrasting catchments, in the Hampshire Avon catchment, UK. This paper provides one of the first examples of a study which comprehensively examines storm behaviours for up to 76 storm events and three water quality parameters. It also examines the observational uncertainties using a non-parametric approach. A range of metrics was used, such as loop direction, loop area and a hysteresis index (HI) to characterise and quantify the storm behaviour. With two years of high resolution information it was possible to see how transport mechanisms varied between parameters and through time. This study has also clearly shown the different transport regimes operating between a groundwater dominated chalk catchment versus a surface-water dominated clay catchment. This information, set within an uncertainty framework, means that confidence can be derived that the patterns and relationships thus identified are statistically robust. These
Introduction
Storm events generate significant transport of nutrient fractions and sediment in catchments. A range of publications report that a large proportion of a catchment's annual total phosphorus (TP) load can be transported by a small number of large storm events (Bowes et al., 2003; Jarvie et al., 2002; Jordan et al., 2007; Verhoff et al., 1979) . These are key transport events in which both nutrient and sediment sources are mobilised, releasing pollutants which are transported along flow pathways (surface and subsurface) and delivered to adjacent waters (Beschta, 1987; Evans et al., 2003; Meade and Parker, 1985; Walling and Webb, 1987) . Therefore, understanding the role of hydrological activity in storms as a mechanism for the delivery of contaminants to streams is essential for producing effective agricultural land management strategies to support compliance with water quality legislation such as the Water Framework Directive (WFD) (European Parliament, 2000) .
The recent expansion of the use of in-situ sensors to monitor nutrient parameters routinely at high temporal resolution is making detailed analysis of catchment behaviours in response to storm flow activation more feasible. Traditionally, parameters such as turbidity have been used to investigate storm behaviours as it can be measured at high frequency and has been shown to be a reasonable surrogate for the transport of sediment and sediment-associated contaminants such as phosphorus (as particulate P), ammonium and particulate organic nitrogen fractions which cannot be measured directly with existing sensor technologies (Grayson et al., 1996; Kronvang et al., 1997; Stubblefield et al., 2007) . The more recent introduction of novel sensors systems and bankside automated photometers means that parameters such as nitrate-N and total phosphorus can be investigated at higher temporal resolutions than previously possible.
Understanding of the catchment transport pathways activated during storm events can be enhanced by studying the changing relationship between discharge and water quality parameters during an individual storm event. The relationship often exhibits a cyclical form known as hysteresis. Hysteresis between discharge and suspended sediment or dissolved solids during storm events was first observed by Hendrickson and Krieger (1964) and Toler and Ocala (1965) and since has been noted in many other water quality parameters such as turbidity, nitrate, TP, Total Reactive P (TRP) and conductivity (e.g. Bowes et al., 2009; Carey et al., 2014; House and Warwick, 1998; Lawler et al., 2006) . A paper by Williams (1989) was one of the first studies which described the most common shapes of hysteresis loops and provided possible explanations for why they occur, with respect to suspended sediment concentrations during storm events. Williams (1989) classified hysteresis loops into five classes. Class I was described as a singlevalued line, where the increase and decrease in discharge and sediment concentrations are synchronised and suggests this can occur when sediment is plentiful. Class II was a clockwise loop, where the suspended sediment peak concentration occurs early in the discharge event. This is suggested to be caused by quick flushing of sediment which may become exhausted by the end of the storm event. On the other hand, anticlockwise loops (class III) are also common, signifying the sediment peak lagging the discharge. This could provide evidence of differing transit times of water and sediment. Class IV was classified as a mixture of classes I and II, a single-line plus a loop and is described as resulting from a change in the form of the relationship during a storm event, possibly due to sediment availability, storage and transportability. The final class (V) was a figure-of-eight configuration, which combines classes II and III, again caused by a shift in the form of the relationship between discharge and suspended sediment concentration during a single event. It is important to note that many hysteresis loops maybe difficult to classify easily into these classes, and care should be taken with interpretation as the same type of loop could occur for different reasons. Nevertheless, the study of discharge-water quality hysteresis in storm events can provide a valuable research tool to infer the likely contributing source areas and flow pathways contributing to nutrient and sediment transport in catchments.
The examination of hysteresis loops can provide information regarding the time-lags between discharge and contaminants (Drewry et al., 2009; Langlois et al., 2005; Littlewood, 1992) . The technique has been widely used over the past two decades in an attempt to increase understanding of how catchments are functioning, for example, Bowes et al. (2005) used the size of hysteresis loops to investigate the TP storage and mobilisation capability of storm events across a reach in the River Swale, Yorkshire during a succession of 10 storms. In addition, Chen et al. (2012) examined hysteresis in inorganic N fraction transport (ammonium, NH 4 + and nitrate, NO 3 − ) for two storms and showed that the transport mechanisms were different between the two parameters. These papers illustrate how catchment responses to storm events are complex and vary between and within catchments, as well as being parameter dependent.
To date, research has generally focussed on a small number of storm events for a particular catchment and often on just one water quality parameter. Against that background, this study is one of the first investigations to examine the storm responses of a range of water quality parameters over a two year period (up to 75 storms), allowing the comparison of storms between catchments with contrasting environmental characteristics, and between differing antecedent conditions and water years. Outram et al. (2014) used hysteresis as a tool to compare one country-wide storm event across three contrasting UK catchments monitored as part of the Demonstration Test Catchment project (McGonigle et al., 2014) . The analysis showed interesting differences between catchment behaviours even during similar storm conditions and highlighted the need for a study which directly compares catchments over a broader range of storm events. The second novel aspect of this work is that it examines storm hysteresis accounting for the observational uncertainties in the data records. Krueger et al. (2009) examined uncertainty of storm hysteresis from a modelling perspective and considered four storm events. This study develops this research further and provides a non-parametric approach to quantifying observational uncertainties in both the discharge and water quality parameters and the storm analysis is completed within this uncertainty framework. Previous research has shown that observational uncertainties in these types of data can have implications for routine data analyses to produce data products to underpin catchment management and policy, such as load estimation, even when high temporal resolution data is used (Lloyd et al., 2015b) . As a result, using an uncertainty framework in such analyses allows more robust conclusions to be drawn from these complex data sets particularly for when hysteresis behaviour between storms is non-overlapping across uncertainty limits. This paper uses data from two field sites with contrasting hydrogeology, land use and management in the Hampshire Avon catchment, UK. The Wylye at Brixton Deverill has a groundwater dominated chalk catchment, while the Sem at Prior's Farm has a surface water dominated clay catchment. The catchments lie within 20 km of each other, and both form part of the wider drainage network of the Hampshire Avon catchment. The data were collected as part of the Defra funded Demonstration Test Catchment programme (McGonigle et al., 2014) and uses high temporal frequency sensor data streams (15-30 min) for discharge, nitrate, and turbidity, and 30 min frequency TP data, with data collected from March 2012 to March 2014. These data are used here to investigate how stormflow hydrochemical transport varies in relation to catchment hydrogeology, rainfall duration and extremes, antecedent conditions, land use or management and season.
Methodology

Site descriptions
The location of the two catchments considered in this study is shown in Fig. 1 and catchment characteristics are shown in Table 1 , highlighting the contrasts between the two chosen catchments. Both catchments are located in the headwaters of the Hampshire Avon which is predominantly agricultural with a mix of semi-natural woodland, pasture (rough and improved) and arable land use (Zhang et al., 2012) . These catchments were chosen to represent contrasting hydrogeological systems, with the monitoring station at Brixton Deverill influenced by groundwater inputs due to the dominance of chalk geology in the catchment (Allen et al., 2014; Yates and Johnes, 2013 ) and Prior's Farm hydrology mainly being driven by surface water inputs due to the dominance of clay geology (Allen et al., 2014) . Land use in the Wylye catchment is dominated by intensive mixed arable farming, while land use in the Sem catchment is dominated by dairy cattle production (for more details see Table 1 ). The Brixton Deverill (Wylye) and Prior's Farm (Sem) which provided 15 min resolution stage height data using a Thistle 24R Incremental Shaft Encoder with a float and counterweight. During periods of modular flow these data were used in conjunction with a stage-discharge curve to calculate discharge (ISO 1100-2, 2010). However, during non-modular flow, the stage heights are used alongside 15 min velocity measurements from a second ultrasonic gauge to calculate discharge using the velocity-area method (ISO 1088 (ISO , 2007 . In the Sem at Prior's Farm, discharge data were collected using a Mace Flow Pro to gain paired stage height and velocity measurements at 15 min temporal resolution to which the velocity-area method was applied (Lloyd et al., 2015b) . The measurements were taken within a concrete (%) section which meant that the cross-sectional area was stable. However, during high flow events, the stage height exceeds the height of the concrete structure and out of bank flows occur. In these cases a weir equation was implemented to account for the additional water flowing over the concrete section.
where: Q i is the discharge at time point i (m 3 s −1
), C d is the dimensionless coefficient of discharge, b is the weir crest breadth (m) and H i is the stage height (m) above the bridge at time point i. C d was set at 2.7 based on typical values from published literature (Brater and King, 1976) .
Water quality data
At both sites, a YSI 6-series sonde was used to measure turbidity optically at 15 min resolution. The probes were cleaned and calibrated once a month to reduce instrument malfunction and drift. In addition, on the Wylye at Brixton Deverill, nitrate-N and total phosphorus (TP) data were collected bankside at 30 min resolution. Nitrate-N data were recorded using a UV optical sensor (Hach Lange Nitratax Plus SC), which was calibrated every three months as recommended by the manufacturer. TP was measured using a wet chemistry analyser (Hach Lange Phosphax Sigma) which uses a colourimetric molybdate method to measure all P compounds as orthophosphate after an acid phase digestion is performed at high temperature and pressure. The instrument was automatically calibrated once a day and the reagents were renewed once every three months, again in line with the recommendations of the manufacturer.
Quality control and uncertainty analysis
Before further investigation, analysis of all of the data sets was undertaken to quantify the observational uncertainties. A full description of the uncertainty analysis for discharge and nutrient data sets is provided in Lloyd et al. (2015b) but is described briefly below.
Discharge uncertainty
In order to quantify the observational uncertainty in the discharge data, the relationship between stage and calculated discharge at each site was examined. A stable period of this curve was selected in winter (where no or limited shifts in stage-discharge relationships between storms were observed) so that structural changes in the relationship due to seasonal differences in channel characteristics, such as vegetation growth, were not included. Therefore, it was assumed that any noise in the stage-discharge relationship was due to observational uncertainties. A non-parametric local weighted scatterplot smoothing regression (LOWESS) approach was applied to the stable section of the stagedischarge, then a best-fit rating curve was produced and uncertainty bounds determined (Coxon et al., 2015) . By examining the residuals from this rating curve, a standard deviation of the residuals could be derived for each stage height, allowing heteroscedasticity to be represented. The degree of autocorrelation in the residual time-series was also examined, but the discharge errors were found in this case to be random. The standard deviation and autocorrelation statistics were then used in a simple 1st-order autoregressive model (Evensen, 2003; Garcia-Pintado et al., 2013; Lloyd et al., 2015b) to simulate 100 iterations of potential error time series (defined as the error model hereafter), which were then added to the original discharge time series to produce 100 deviate data sets. 100 resamples were used because the 10-90th percentiles of the distributions were found to be stable. These 100 data sets are used to represent observational discharge uncertainties in all further analyses in this paper.
Water quality uncertainty
The observational uncertainties associated with the nutrient parameters (nitrate and TP) were quantified by comparing the measured value from the instream sensor with a paired daily sample which was analysed independently in the laboratory using standard digestion and colorimetric analysis (see Lloyd et al. (2015b) for full details). Only samples which were collected within 5 min of each other were used to ensure a robust comparison. The uncertainties in the laboratory samples were also tested using repeated analysis of standard solutions spanning the observed concentrations and the error model was run using variable standard deviations depending on concentration and no temporal autocorrelation to produce 100 iterations of the laboratory derived series. The sensor data were then paired and compared with all 100 iterations of the laboratory time series so that a combined uncertainty was produced. Analysis of the residuals between the laboratory and sensor data showed that they were homoscedastic (not shown), i.e. the variance was not concentration dependent, and that they were autocorrelated. The error model was run accordingly to produce 100 iterations of the sensor data for each of the 100 versions of the laboratory data time series, creating 100,000 versions of the combined sensor data sets, each of which were considered being equally probable. Therefore, for consistency with the discharge data and because the 10-90th percentiles of the distributions were found to be stable after 100 iterations, 100 data sets were randomly sampled from the 100,000 produced. These 100 sensor data sets are used in all further analyses in this study.
In the case of the turbidity, no independent data were available for direct comparison so the variability of the measured turbidity (with individual values representing the average of five recordings per 15 min time step) at times of unchanging discharge (usually baseflow conditions) were used as the best estimate of observational uncertainty. The errors were assumed to be homoscedastic. The residuals were correlated in time and so this information was used to model 100 iterations of the errors and combined with the original time series to produce 100 iterations of the turbidity time series which are used for all further analyses reported here.
Storm analysis
For the purpose of this analysis, a storm was defined as any hydrological response to rainfall which resulted in a rising and falling limb and where discharge increased by at least 20% of baseflow. Events which had multiple peaks were classified as separate events so that the water quality response to each could be quantified. The discharge data for each storm period was extracted along with the nitrate-N, TP and turbidity data for Brixton Deverill, and turbidity in the case of Prior's Farm. Water quality data were not available for all parameters and all storm periods identified due to some gaps in the data records. However, in total, the analysis was completed on 64 storms for nitrate-N, 41 storms for TP and 60 storms for turbidity at Brixton Deverill, and on 76 storms for turbidity at Prior's Farm over the two year monitoring period. For each storm, the discharge was plotted against each water quality parameter to analyse for the presence and characteristics of hysteresis during each event. A series of metrics were then calculated to describe the storm event and the resultant hysteresis loop, including shape and area. Full details of all the metrics calculated are detailed below.
Storm characteristic metrics
Each storm was described by a number of variables which were hypothesised as potential controls on the form of the measured water quality response. The minimum, maximum and range of discharge and the chemical parameters were calculated, along with event duration (days), and the average discharge in the 24 h preceding the storm. A daily antecedent precipitation index was also calculated as a simple assessment of catchment wetness, using the method described by Saxton and Lenz (1967) :
where j is the time step (days), P is the daily precipitation total (mm) and K is a decay coefficient. The value of K is primarily controlled by evapotranspiration and, as a result, it was assumed that the value was similar between the two field sites. Saxton and Lenz (1967) suggested a range of K values (0.86-0.98) depending on season and other sitespecific conditions. Due to a lack of robust evidence for deriving the value for the specific evapotranspiration and soil characteristics of the Hampshire Avon study catchments, the range of expected values outlined by Saxton and Lenz (1967) was used in all of the analyses. In addition to API, the rainfall total for the 24 h period preceding the start of the storm event (mm) and the total event rainfall (mm) were also calculated.
Storm response hysteresis metrics
The storm hysteresis loops were described by their size and shape following the methods outlined by Lloyd et al. (2015a) . The area inside each loop was calculated for the raw data and for normalised data where 0 is the minimum and 1 is the maximum discharge/water quality value for each individual storm event. The loop shape (in terms of its fatness) and direction were determined with the use of a hysteresis index (HI). There are a number of indices which have been proposed to describe the shape and direction of hysteresis loops (e.g. Butturini et al., 2008; Langlois et al., 2005; Lawler et al., 2006) , however, a new method is used here which improves the methodology (Lloyd et al., 2015a) . This uses the range of chemical data values between the rising and falling limb at multiple percentiles of discharge rather than, for example, the ratio method which was initially proposed by Lawler et al. (2006) as further analysis has shown that skew can be introduced into the results using the latter method. A full discussion of the impact of the modified methodology on index results can be found in Lloyd et al. (2015a) . The new index is calculated using storms which have first been normalised using the following equations:
where: Q i /C i is the discharge/turbidity at timestep i, Q min /C min is the minimum storm parameter value and Q max /C max is the maximum storm parameter value. The index is then calculated as follows:
where: HI Qi is the index at percentile i of discharge (Q), C RL_Qi is the chemical value on the rising limb at percentile i of Q and C FL_Qi is the chemical value at the equivalent point in discharge on the falling limb. The percentiles of discharge (Q i ) are defined by:
where Q max is the peak discharge, Q min is the discharge at the start of the event and k is the point along the loop where the calculation is being made; in this case the index was calculated at every 5% of discharge, therefore k = 0.05, 0.1…0.95. By taking this approach, the index better represents the changing dynamics during a storm event yet still provides one value which can be compared easily between storms. The simple index is easy to interpret; it produces a result between −1 and 1, where the larger the number the 'fatter' the loop and the sign of the index illustrates the direction of the loop (+ = clockwise and − = anti-clockwise).
In addition, nitrate-N and TP loads for each storm were calculated using the paired 30 min resolution discharge and nutrient observations.
Relationships between individual calculated storm characteristic variables and the storm response hysteresis metrics were tested using correlation analysis. The influence of variables in combination on the hysteresis metrics was tested using multiple regression analysis. The examination of correlation plots between the variables provided no clear evidence of non-linearities, therefore multiple linear regression was deemed an appropriate technique. Care was taken to ensure that the normality assumptions were met and any variables which were strongly correlated were omitted from the analysis to satisfy the multicollinearity assumption.
Results
Data uncertainty
The time series of discharge, nitrate-N, TP and turbidity for Brixton Deverill for the two year monitoring period are shown in Fig. 2 . The discharge at Brixton Deverill is primarily groundwater driven resulting in a hydrograph with a slow changing baseflow component with more flashy responses during storm events, potentially driven by nearsurface and overland flow. The uncertainties in the discharge measurements were heteroscedastic and ranged from ±2.2-9.1% depending on the stage height. The nitrate-N time series tended to mirror the river flow pattern, with peaks in discharge corresponding with dilution of nitrate-N as the surface water input acted to dilute the relatively nitrate-rich groundwater in the stream. The other notable feature in the nitrate-N data collected at Brixton Deverill is the decrease in concentration which occurred in June 2013, corresponding to the switching on of stream support by the local water company during the dry summer period of that year. The decrease in concentration of nitrate-N in the groundwater over this period is also supported by the fortnightly grab samples collected as part of the Hampshire Avon DTC from the borehole at Kingston Deverill 2. to nitrate-N, TP and turbidity both show increases in their concentrations during storm events which confirms behaviours reported in earlier research, cited above. The close agreement between TP and turbidity (as a surrogate for sediment transport) responses has been noted in many studies (see for examples: Evans et al., 2003; Kronvang et al., 1997; Ramos et al., 2015) . The uncertainties in the TP sensor data were quantified as being between 0.098 and 0.11 mg L − 1 (± 7-204%). The uncertainty estimate for the turbidity data at Brixton Deverill was ±0.9 NTU (0.2-180%). Fig. 3 shows the discharge and turbidity time series for the Sem at Prior's Farm. Compared with the chalk landscape of the Wylye, because the headwaters of the Sem are underlain with clay, the hydrograph displays flashy storm responses to rainfall events and a stable but low baseflow between storms. The uncertainties associated with the discharge measurements in the clay were also higher than in the chalk catchment, at ±7.8-25.5%. This is likely to be due to the higher sediment load transported in the water column in this clay catchment, which can reduce velocity sensor performance (Nord et al., 2014) , as well as the low velocities experienced at the field site. The turbidity time series shows rapid response and recovery due to discharge events similar to those observed in the Wylye. The uncertainties associated with the turbidity measurements at Prior's Farm were quantified as ± 1.5 NTU (0.1-1500%). The discharge and water quality parameter time series and their associated uncertainties were then used to examine hysteresis in the systems on a storm-by-storm basis.
Storm nutrient behaviour
For each storm the loop area, hysteresis index and storm load (nitrate-N and TP only) were calculated. Given poor ratings between turbidity and filtered suspended sediment concentrations, storm period suspended sediment load data could not be calculated. A range of storm characteristic variables were then used to explain the behaviour of each of the measured water quality parameters. The results are summarised below.
Nitrate hysteretic behaviour
A total of 64 storms were analysed for nitrate-N response, including 3 anti-clockwise events and 61 clockwise events. None of the storms showed figure-of-eight behaviour, and all of the events the hysteresis loops plotted from the top-left to bottom right due to the dilution of nitrate-N on the rising limb of each storm event. Example normalised nitrate-N loops for Brixton Deverill are presented in Fig. 4a . Fig. 5 shows how the loop area, hysteresis index (HI) and storm event load vary through time. The average HI value varied between − 0.09 and 0.47, with an average of 0.24 but with non-stationary variations in uncertainty limits. The largest uncertainties tended to be observed for small storms where discharge remained around or below 1 m 3 s − 1 and discharge uncertainties were high, this also corresponded to storms where nitrate-N concentrations remained high as there was limited dilution during the event, resulting in higher uncertainties in the nitrate-N concentrations. There were no obvious seasonal trends within the HI data for nitrate-N (see Fig. 5a ), although the two events with the largest negative value for the HI both occurred shortly after prolonged dry periods. Analyses showed that the nitrate HI value had a moderate positive correlation (correlation coefficient b 0.4, p ≤ 0.05) with the range of nitrate-N concentrations during the storm with a negative correlation with the minimum nitrate-N concentrations during the storm. The HI was also correlated to a lesser extent (correlation coefficient b 0.3, p ≤ 0.05) with the range in discharge and the duration of the storm event. Details are presented in Table 2 . Examining the influence of combinations of variables using multiple regression showed that the range in discharge during the storm and the minimum nitrate-N concentration combined were able to explain 47% of the variance in the HI (p = ≤0.001). Storms at Brixton Deverill showed an average nitrate-N hysteretic loop area of 0.28, with values ranging from 0.01 to 1.22 over the two year period (Fig. 5b) . The uncertainty analysis showed that the largest uncertainties were observed for the largest discharge events. As with the HI results there were no clear seasonal trends in loop area, although the largest loop areas tended to be associated with the highest discharge peaks, especially after drier antecedent periods. This is supported by the correlation analysis which showed that loop area was positively correlated with the range of discharge during the event (coefficient 0.85, p ≤ 0.05). Loop area was also positively correlated with the range of nitrate-N concentrations during the storm along with the minimum nitrate-N concentration (negatively). The loop area was also shown to be related to the storm duration and the maximum discharge value during the storm. Multiple regression analysis revealed that 49% of the variance in loop area (p ≤ 0.001) could be explained with a combination of storm duration, the maximum discharge during the storm and the time elapsed since the previous storm event.
The storm loads at Brixton Deverill ranged from 57 kg N to 1911 kg N, with an average of 80 kg N transported per storm. In general, the storm nitrate-N loads mirrored the discharge behaviour, the largest nitrate loads were associated with the biggest discharge events (Fig. 5c) . Like the loop area the largest uncertainties in the storm load were also observed for the larger discharge events. Over the monitoring period this meant that the largest nitrate loads were observed during the winter and spring. Correlation analysis (Table 2) showed that the total event nitrate load was strongly and positively (correlation coefficient N 0.6, p ≤ 0.05) related to the maximum storm discharge, minimum storm discharge and the mean discharge 24 h before the start of the event. Multiple regression analysis showed that maximum discharge during each storm along with storm duration and time since the previous storm could explain 68% of the variance (p ≤ 0.001) in the nitrate load data.
The correlations between the HI, the storm load and loop area were also tested. There was no significant correlation between the HI and the loop area, and there was a weak correlation between HI and the storm load (mean coefficient − 0.3), however only 32% of repeat datasets were significant (p ≤ 0.05). The analysis also showed that there was no significant relationship between the loop area and the storm load.
Total phosphorus hysteretic behaviour
Data were available to analyse 41 storms for total phosphorus transport in the Wylye at Brixton Deverill, of which 35 exhibited anticlockwise behaviour and 6 storms clockwise behaviour. Examples of TP hysteresis loops at Brixton Deverill (directly comparable with the storms presented in Fig. 4a for nitrate-N) can be seen in Fig. 4b . While the hysteretic behaviour was generally more complex compared with nitrate-N, only 6 of the storms exhibited figure-of-eight behaviours and all of the storms resulted in an increase in TP concentrations on the rising limb of the hydrograph. Fig. 6a shows the results of the H index calculations for each storm. The minimum value was −0.65 and the maximum 0.21, with an average of −0.24. The uncertainty analysis showed that the widest uncertainty bounds around the HI values were for small storms where the percentage discharge uncertainty was high. The data show that as well as more storms displaying anti-clockwise behaviour, the strength of the hysteresis was also stronger. The time series also showed that clockwise hysteresis generally occurred during the first sizable event after a dry period. Two of the cases of clockwise behaviour were also figure-of-eight where for more than half of the storm the hysteresis was clockwise. The other cases of figure-of-eight behaviour all followed larger clockwise storms, reflecting a changing relationship between discharge and TP transport during each event. The causal mechanisms for explaining the H index behaviour was much more difficult to ascertain for the TP behaviour. None of the tested variables showed significant correlations with H index (see Table 3 ), however, the multiple regression modelling showed that the mean discharge 24 h before the event (which as correlated with the minimum discharge during the storm) could explain 58% of the variance in the H index data (p ≤ 0.001), suggesting that the timing of the storm relative to other events was one of the main drivers for the hysteretic behaviour. This may reflect the exhaustion of proximal sources and in-channel P stores in prior events, with activation of sources more distant from the stream in combination with the steady discharge of P from proximal point sources in such events. Fig. 6b shows a time series of the TP loop area measured for each of the storms. The minimum loop area was 0.002 and the maximum 0.35, with an average of 0.05. The largest uncertainty bounds were observed for large storms where both discharge and TP uncertainty played a role. In general, the largest loop areas tended to be associated with the largest discharge events or after drier periods, and therefore coincided with the clockwise and the figure-of-eight hysteretic patterns. The TP loop areas were significantly correlated with range of discharge during the event, the maximum discharge (although these are correlated with each other) and the range of TP values during each event (coefficients 0.79, 0.73 and 0.77 respectively, p ≤ 0.05), suggesting that the relative magnitude of the storm is an important control alongside the timing of the event. These findings are also supported by the multiple regression results which showed that a combination of the range of discharge during the event and the time since the last storm occurred could explain 68% of the variance in the TP loop area data (p ≤ 0.001). The TP load during each storm was also calculated and, the results can be seen in Fig. 6c . The analysis showed that the minimum TP event load was 14 kg and the maximum was an order of magnitude higher at 127 kg, with an average TP event load of 33 kg. The largest uncertainty bounds were observed for large storms or for storms occurring after drier periods, i.e. where the TP concentrations were high. As with the nitrate-N data, the time series shows that the magnitude of the TP load mirrored the discharge, with the largest TP loads recorded during the highest magnitude discharge events. The correlation analysis showed that the most important controls on the TP load were the range of discharge during the event (0.84), maximum discharge (0.71), maximum TP (0.56) and the range of TP concentrations (0.51) (all p ≤ 0.05). The multiple regression analysis showed that a combination of the storm duration, the range in discharge and the minimum TP concentration could account for 95% of the variance in the TP load data (p ≤ 0.001).
The examination of the correlations between the storm hysteresis metrics measured showed that there was a weak positive relationship (coefficient = 0.4) between the HI value and the storm load, however only 58% of the distribution of values were statistically significant (p ≤ 0.05). Likewise there was no significant relationship between the HI value and the loop area. However, there was a significant positive relationship between the loop area and the storm load (coefficient = 0.59, p ≤ 0.05 for 100% of the distribution).
Turbidity hysteretic behaviour
A total of 60 storms were tested for hysteresis behaviour of turbidity for the Wylye at Brixton Deverill, for examples see Fig. 7a . The analysis showed that 37 of the storms demonstrated anti-clockwise hysteresis and 23 were clockwise. The turbidity data showed the most complex hysteretic behaviour when compared with the nutrient chemistry, with 25 of the storms exhibiting figure-of-eight behaviour. The time series of H index values is shown in Fig. 8a , and shows that the clockwise hysteresis was associated with the largest storm events or smaller storms which occur after periods of lower discharge. The minimum value for the H index was −0.65 and the maximum 0.21, with an average of − 0.24, showing that the although 38% of the storms showed clockwise hysteresis, the strength of the hysteresis was weak compared with the anti-clockwise behaviour which produced much wider loops. The most uncertainty again was associated with the smaller storms where the percentage uncertainty was greatest for both discharge and turbidity values. This also meant that over a series of storms the uncertainty range increased due to reducing turbidity values and therefore higher percentage uncertainties. Correlation analysis (Table 4) showed that both the turbidity and discharge characteristics during the storm were equally important, displaying similar correlation coefficients (0.51 and 0.48 for range in discharge and turbidity respectively, p ≤ 0.05). This is supported by the multiple regression analysis which highlighted that the maximum discharge, range in discharge and the maximum turbidity value could be used in combination to explain 74% of the variance in the H index values (p ≤ 0.001).
The loop area was also calculated for each of the storms and is shown in Fig. 8b . The minimum loop area was calculated as 0.002 and the maximum as 263, with an average value of 20.6. The uncertainty range was generally low for loop area, although unlike the HI values, discharge uncertainty appeared to dominate and therefore the largest ranges were seen for the storms with the highest discharge. The majority of the loops showed small areas (below 50) with the higher values occurring in eight of the storms, all of which corresponded with the largest clockwise hysteresis and occurred when there was an abrupt change in the discharge and few preceding storm events. The loop area showed strong correlations (coefficient N 0.7) with both the range and maximum turbidity values, but only with the range in discharge values, suggesting that the relative change in discharge was more important than the absolute magnitude of the storm. There were also moderate positive correlations with maximum discharge and the duration of the storm (coefficients of 0.48 and 0.46 respectively). Multiple regression analysis showed that a combination of maximum discharge and maximum turbidity during the storm event could explain 64% of the variance in loop area. As with the other parameters measured at Brixton Deverill there was no significant correlation between HI and loop area.
Turbidity data were also analysed for the surface water dominated clay catchment of the Sem at Prior's Farm, allowing a direct comparison with the data generated for the groundwater dominated chalk catchment of the Wylye at Brixton Deverill. Examples of the hysteresis in turbidity at Prior's Farm can be seen in Fig. 7b . A total of 76 storms were investigated over the two year monitoring period and in stark contrast to the chalk site, 69 of the storms exhibited clockwise hysteretic behaviour, with only 7 anti-clockwise, suggesting that the timing of inchannel sediment transport between the two systems was different. There were also fewer storms showing figure-of-eight behaviour compared with the chalk system. The H index data for turbidity at Prior's Farm showed a maximum index of 0.59 and a minimum of −0.17, with an average of 0.23 (Fig. 8c) . This is also different from Brixton Deverill, where the widest hysteresis loops were clockwise in their direction and those storms which showed anti-clockwise behaviour had low values of the index. The uncertainties surrounding the HI values were generally larger compared with those calculated from Brixton Deverill, this is due to increased uncertainties in both the measurement of discharge and turbidity at Prior's Farm. However, similar to Brixton Deverill the highest uncertainties were observed for the smallest storms where the percentage uncertainty was greatest for both discharge and turbidity. Unlike the chalk system there were some significant correlations between the H index values and the explanatory variables (Table 5 ). The strongest correlations with H index were the maximum turbidity and maximum discharge (coefficients of 0.59 and 0.49 respectively, p ≤ 0.05). The multiple regression analysis highlighted the range in discharge and the maximum turbidity as controls over the H index. However, no combination of explanatory variables could improve the regression r 2 value above 0.32 (p ≤ 0.001).
The minimum turbidity loop area was 6.21, larger than that for Brixton Deverill, although the maximum was similar between the two field sites at 265 (Fig. 8d) . The average loop areas were also comparable at 20.99. The largest uncertainties again were linked to the largest discharge or turbidity values. Like many of the other variables, the larger loop areas coincided with the highest discharge events and with strong clockwise hysteretic patterns. The strongest correlations between turbidity event load and the explanatory variables were with the maximum and range in both discharge and turbidity (coefficients all N 0.8, p ≤ 0.05). There was also a weak correlation between loop area and the duration of the storm (0.28, p ≤ 0.05). Despite the lower correlation for the Prior's Farm site compared with the analysis at Brixton Deverill, the duration of the storm was shown to be an important variable in combination with the range in discharge and the maximum turbidity values during the event (r 2 = 0.77, p ≤ 0.001), suggesting that the length of the storm is a significant control on sediment mobilisation and transport in this river. Unlike turbidity at Brixton Deverill, HI and loop area were significantly linked at Prior's Farm, with a correlation coefficient of 0.33 and p ≤ 0.05 for 100% of the distribution tested.
Discussion
Controls on nitrate-N transport
The transport of nitrate-N during storm events in the River Wylye was shown to be primarily controlled by the interaction between groundwater and surface water inputs to the stream. All of the storm events consistently resulted in dilution of nitrate-N concentrations with the input of rainfall and surface runoff. This type of response has been widely reported for other agricultural watersheds (Bowes et al., 2015; Ferrant et al., 2013) . However, this is in contrast to other groundwater dominated systems which have shown a mixture of both dilution and concentration events during periods of high rainfall (Huebsch et al., 2014; Webb and Walling, 1985) . The specific response depends on the availability of nitrate from proximal sources accumulated in fertilised agricultural soils, in the near-stream unsaturated zone, or in the hyporheic zone where rapid flushing of nitrate-rich soil and groundwater can occur at the start of the storm. However, it should be noted that previous published data from a similar location on the River Wylye during 2010-2011 showed that there was, in fact, a positive relationship between the daily nitrate-N concentrations and discharge, suggesting that storm events could be producing lagged pulses of nitrate-N into the stream as delayed throughflow arrived in stream from groundwater sources (Yates and Johnes, 2013) . The average nitrate-N concentrations at Brixton Deverill reported by Yates and Johnes (2013) supporting the theory that the changes were driven be hydrometeorological conditions. Marked inter-annual differences in hydrochemical flux behaviours and both nutrient and sediment load transport due to changes in the hydrological regime have been reported previously in the literature (e.g. Borah et al., 2003; Davis et al., 2014; Heathwaite and Johnes, 1996; Prior and Johnes, 2002) . For example, Davis et al. (2014) compared nitrate fluxes in an agricultural catchment between wet and dry years and showed that antecedent conditions were important and determined the dominant flow pathways operating and therefore the storm nitrate concentrations.
In this more detailed analysis of storm driven nitrate-N flux in the Wylye chalk catchment, both the H index and the loop area were shown to be influenced by the maximum discharge during the events and the H index also by the minimum discharge. This indicates that the range of discharge during the storm acts to widen the hysteresis loop, due to a change in the lag between the peak in discharge and the minimum nitrate-N concentration. Unlike any of the other chemical parameters studied in this paper for Brixton Deverill, nitrate-N hysteresis was also linked with the duration of the storm. This illustrates that the transport of nitrate-N in this case is relatively straightforward, suggesting that the longer the storm, the more nitrate-N is transported, as nitrate rich soil and groundwater is flushed to the stream along throughflow and groundwater flow pathways present in this permeable catchment. In addition, there was a link between nitrate-N loop area, storm nitrate-N load and the time since the last storm occurred, shown by the multiple regression analysis. This showed that narrower loops were produced when storms occurred temporally close together, probably because the concentrations had not fully recovered to their baseline values before the onset of the next event, and available nearstream proximal sources had been flushed during the previous storm.
Controls on TP transport
In comparison with nitrate-N, TP transport in the Wylye at Brixton Deverill was shown to be much more complex. The storm events consistently produced pulses of TP to the stream in association with increasing discharge, highlighting that the main source of the TP was probably from surface or near surface quickflow pathways, rather than from groundwater flow through the hyporheic zone. This is also supported by data collected from a nearby groundwater borehole at Kingston Deverill which showed a mean annual TP concentration of 0.19 mg L −1 , which is similar to the average baseline concentrations in the River Wylye under baseflow conditions. The mean storm maximum concentration observed in this study was 0.4 mg L −1
. The correlation analysis showed no clear links between any of the explanatory variables and the H index. Only the minimum discharge during the event, which was correlated with the mean discharge 24 h before the start of the event was highlighted as important through the multiple regression analysis. This suggests that antecedent conditions are important in controlling TP flux during storm events, though stream discharge was more important than antecedent rainfall patterns (assessed using API). This is in direct contrast to data collected for a groundwater influenced stream in Cumbria, where similar analysis showed that the magnitude of hysteresis was primarily controlled by antecedent rainfall conditions (Bieroza and Heathwaite, 2015) . A similar finding was previously reported for the Enborne, UK, which is a comparable chalk stream to the Wylye, where a higher TP flux in storm events occurred when dry antecedent conditions were observed in the catchment. This was attributed to the re-suspension of P-rich finegrained bed sediment that had accumulated within the channel during summer low flows periods . The authors also noted that in the Enborne catchment, events characterised by dry antecedent conditions caused higher P transport fluxes than events with higher magnitude flows, a finding recently reported for ephemeral streams in southern Portugal in a recent paper by Ramos et al. (2015) . The capacity of channel fine-grained bed sediment to constitute an important store of P liable to remobilisation during storm events has been noted by previous work (e.g. Ballantine et al., 2006; Ballantine et al., 2009; Collins et al., 2005; Davide et al., 2003; House and Denison, 1997; Jarvie et al., 2005; Walling et al., 2003) . In the Wylye, the TP loop area was strongly related to discharge characteristics during the storm and the time since the last storm. Bieroza and Heathwaite (2015) showed that the direction of the hysteresis loop was controlled by seasonal variations in flow or changes in temperature controlling nutrient cycling in-stream. Data from Brixton Deverill showed that the hysteresis was more strongly controlled by shorter-term changes in discharge. This effect can be examined by looking in more detail at a series of storms and observing how the hysteresis patterns vary. Fig. 9 shows a series of 4 storms which occurred during November 2012 after a period of approximately two weeks with no rainfall or storm discharge events. The first of the storms exhibited clockwise hysteresis behaviour (H index = 0.11), illustrating a relatively rapid flushing of available TP potentially due to the remobilisation of deposited fine-grained bed sediments during the lower flow period (Ballantine et al., 2009; Dorioz et al., 1998; . The second and third storms in the succession show figure-of-eight behaviours, where the first section of the storm shows anti-clockwise behaviour, before switching to clockwise behaviour later in the event. This causes a decrease in the H index value to 0.04, then 0.03 showing that there is an increasing lag between the peak in discharge and the peak in TP during the storm. This is indicative of a longer transit time between the source of TP and the arrival instream. This is supported by the fourth storm in the series, which has switched to anti-clockwise behaviour for the whole storm (H index = −0.2), suggesting a longer transit time again for the TP pulse to reach the monitoring location. This pattern can be observed during other similar periods of discharge events following periods of lower flow and has also been reported elsewhere (Bowes et al., 2005) . It is likely that the hysteretic affects are mainly driven by the relative connectivity of P sources in the catchment to the stream system, with delivery primarily controlled by the transport of P-rich sediment from land to water. Daily lab data from Brixton Deverill show that particulate P makes up approximately 20% of the TP signal (the rest being 30% soluble unreactive P and 50% phosphate-P), but that over 80% of P transport at peak flow in storm events is in the form of particulate P. This reflects the activation of P-rich fine-grained sediment transport via quickflow pathways including erosion of fertilised arable soils and subsequent delivery of mobilised P-enriched sediment along tramlines and via field drains, and rapid flow from agricultural yards, along roads and unmetalled agricultural tracks linking land to stream in these landscapes. The capacity of runoff along road networks to mobilise particulate P from roadside verges damaged by passing vehicles and by livestock trampling (e.g. due to daily movements between fields and milking parlours) is also a contributing factor here (cf. Collins et al., 2010a) . This storm pattern is also seen in the turbidity data (see below), supporting the notion that it is the particulate P fraction causing the change in the hysteretic behaviour. In a similar study on the River Enborne, UK, a clay river with chalk headwaters, Bowes et al. (2015) observed that during higher discharge conditions the majority of the total reactive P (TRP) load was probably derived from within channel remobilisation of bed sediments. Bowes et al. (2015) state that this is likely to be originally derived from outputs from sewage treatment works, though this contradicts earlier findings by Evans et al. for the same river in an earlier high resolution analysis of phosphorus and sediment transfer dynamics from catchment phosphorus and sediment sources through the water column, and bed sediments of the Enborne . In the River Wylye, it is likely that the TP rich material is derived from a combination of erosion of P rich soils from surrounding intensive mixed arable land or from P sorbed to stream-bed sediments, originating from seepage from septic tanks, of which there are a significant number in close proximity to the stream reach upstream from Brixton Deverill. Previous work in permeable catchments similar to the River Wylye by Evans et al. (2003) ; Collins and Walling (2007a) and Collins and Walling (2007b) has underscored the propensity for fine-grained sediment delivered to the river channel from a variety of sources to undergo channel bed storage during its transit through the channel network. Such bed material undergoes storage and remobilisation in tandem with patterns of runoff and channel discharge, providing an important mechanism for the storage, remobilisation and downstream transport of sediment-associated nutrient fractions such as phosphorus from both point and diffuse catchment sources.
Controls on sediment transport
Using turbidity as a surrogate for sediment it was possible to infer the potential controls on sediment transport in both a chalk dominated environment as well as a surface water-dominated clay system. Both catchments exhibited peaks in turbidity during storm events in every case, but the timing and characteristics of the hysteresis differed 
Table 4
Results of correlation analysis for each of the 10,000 resampled storm turbidity data at Brixton Deverill, showing the maximum, minimum and modal correlation coefficients and the number of resampled data sets where the p-value was significant (b0.05). between the chalk and the clay catchments. The chalk catchment showed similar behaviour compared with that described for TP above, where the discharge characteristics played an important role in suspended sediment response. Short-term discharge dynamics affected the direction and strength of the hysteretic behaviour, as can be observed in Fig. 7 . For the same four storms described above for TP transport, the HI values for turbidity were 0.33, 0.23, 0.2 and −0.03, where the middle two storms were again figure-of-eight. The following two storms showed stronger anti-clockwise hysteresis, with the H index values decreasing to − 0.32, then − 0.5 as the next two smaller discharge events affect the catchment. After a period of approximately 4 days of hydrograph recession a larger storm occurs and results again in a strong clockwise hysteresis event. This suggests that the larger event was able to either remobilise fine-grained channel bed sediment (cf. Bogen, 1980; Costa, 1977; Wood, 1977) which had been deposited during the recession period (cf. Gellis, 2013) and/or erode a source of sediment which was very close to the monitoring location. The important contribution of remobilised channel bed sediment to suspended sediment fluxes has been reported for lowland permeable catchments in the UK by a wide range of authors (see for example: Collins and Walling, 2006; Walling and Amos, 1999) . Within the River Wylye landscape, a number of potential sediment sources were noted to be proximal to the monitoring station at Brixton Deverill and which would thereby potentially explain the observed pattern noted above. These proximal sources included arable soils with tramlines providing elevated connectivity between fields and delivery routes such as roads to the channel network (cf. Collins et al., 2013) , eroding unmetalled farm tracks (cf. Collins et al., 2010b) and poached channel banks (cf. Collins et al., 2013; Walling et al., 2008) . Compared with the other nutrient parameters the correlation analyses showed that the turbidity parameters were important alongside the discharge parameters for predicting hysteresis behaviour. The multiple regression analysis showed that the range in discharge along with the maximum turbidity could be used to predict the magnitude of the H index. The relative change in discharge is important for the potential for sediment transport, as a large change means either an increase in the erosive power of the stream, or the period before was relatively low flow and a supply of sediment was therefore either deposited and will thus be available for re-suspension, or that the availability of sediment in various sources increased due, for example, to the action of subaerial weathering processes during the drier spell. This evidence suggests therefore that the fine-grained suspended sediment transport regime at Brixton Deverill is supply-limited and thereby typical of UK rivers more generally (Walling and Webb, 1987) . The hysteretic behaviour of turbidity on the River Sem, on the clay catchment is, however, different. The vast majority of the storms resulted in clockwise hysteresis, regardless of season or size of storm. As for Brixton Deverill, both the range in discharge and the turbidity characteristics were important, but in addition so was the duration of the storm. This type of behaviour has been reported elsewhere, for example, Jiang et al. (2010) observed during storm events in Japan that suspended sediment always showed clockwise hysteresis patterns, compared with nitrate-N and other dissolved components where the type of hysteretic behaviour depended upon antecedent conditions. The continual clockwise hysteresis even during a series of four or five storms over a period of a week suggest that in this surface waterdominated clay catchment, there was an unlimited supply of finegrained sediment available for mobilisation and subsequent transport to, and through, the stream during storm events, probably from multiple (surface and subsurface) sources in the catchment. In general, the larger the discharge peak the higher the turbidity, resulting in a larger clockwise hysteresis loop. It appears that the transport regime in the clay can be described as transport-limited, i.e. if there is flow which is able to transport fine-grained sediment, there will be a readily available supply of sediment to be transported; antecedent conditions here are therefore not so important. A number of potential sediment sources were observed during catchment walkover surveys in the River Sem study area, the most important of which concerned kilometres of bare, re-worked channel banks (up to 1.5 m high) following a major stream bank fencing programme jointly funded by the Catchment Sensitive Farming initiative and the farmers. These channel works left the channel margins completely prone and susceptible to erosion and sediment mobilisation and delivery due to the negligible transport distances to the river (cf. Collins and Walling, 2004) . Although field walks in the Sem catchment highlighted the bare re-worked channel banks as the most likely explanation of the dominance of clockwise hysteresis in the turbidity records, it is noted that clockwise behaviour has been attributed to alternative processes in previous studies including the exhaustion of either surface (Doty and Carter, 1965) or subsurface (Carling, 1983 ) sediment sources and reductions in surface soil detachment arising from the cessation of effective precipitation (Novotny, 1980) . In the case of the study reported here, however, the channel bank works provided the most likely explanation of the clockwise turbidity loops.
H index
Uncertainty analysis
The work presented here provides one of the first studies to examine hysteresis analysis within an uncertainty framework. The results highlight the importance of incorporating observational uncertainty estimates in the calculation of the H index. There are a proportion of the values that have uncertainty estimates which span from positive to negative values, representing either clockwise or anti-clockwise hysteresis. The largest uncertainties in the H index values were associated with storms where discharge was low. Due to the normalisation before the calculation of the index the uncertainty represents the percentage uncertainty which is large at low discharges compared with the absolute values. Conversely, the largest uncertainly bounds for the loop area and the storm load were observed during the storms with the highest discharges as the absolute values are used in the calculation. It is therefore important to consider the method used for the calculation of the metrics when interpreting the results. The impact of observational uncertainty on the calculation of annual nutrient loads in catchments has already been discussed in detail in Lloyd et al. (2015b) , but results from this study support the conclusion that it is important to consider the uncertainties when calculating nutrient loads whether over a single storm, a whole season or a year. By carrying out uncertainty analysis as part of the analytical framework it is possible to produce results which are more statistically sound and produce robust conclusions.
Conclusions
The use of high temporal resolution 15 or 30 min hydrological and hydrochemical data in this paper has allowed a detailed analysis of nutrient and fine-grained sediment transport to streams of contrasting hydrogeological and landscape character under stormflow conditions. The detailed uncertainty analysis incorporated in this work has allowed us, for the first time, to assess the quality of the data available, cascading this uncertainty information through the analysis presented herein. Hysteresis analysis is a valuable tool for assessing storm behaviours and provides a useful way for comparing storms within, and between catchments, as well as comparing different hydrochemical parameter responses to investigate how catchment function varies in time and in relation to catchment character. The analysis presented here confirms that concentration-discharge relationships are extremely complicated, varying between rivers, water years and events, but illustrates clearly how the collection of high resolution data under extreme flow conditions allows a more detailed analysis of these relationships than has hitherto been possible. This in turn provides some novel insights into the catchment processes controlling hydrological response and hydrochemical transport of nutrient loads from land to stream and within the stream itself, both in dissolved and particulate forms. With two years of high resolution information it possible to see difference in the mechanisms which are operating to transport nitrate-N versus TP and fine-grained sediment to the stream in a groundwater dominated system. This study has also clearly shown the different transport regimes operating between a groundwater versus a surface-water dominated catchment. This information, set within an uncertainty framework means that extra confidence can be had that the patterns and relationships are statistically robust. The insights gained from this type of analysis will be invaluable for inferring the likely contributing source areas in catchments, the pathways linking source to stream, and the relative importance of catchment versus instream nutrient and sediment sources to the continued flux of material downstream. It can thus be used to identify the most effective ways to mitigate nutrient pollution and sediment transport in catchments, as well as providing information regarding transport processes and biogeochemical processing within river environments. The analyses presented here are scale dependent in that they are linked to a single sampling station at the outlet of each study catchment. Future work could employ similar monitoring at more locations within a study area to examine potential spatial variations in hysteretic responses and the implications for process understanding and catchment management. Whilst providing a useful basis for inferring catchment responses, hysteresis analysis should be adopted in tandem with other procedures to procure a 'weight-of-evidence' of potential pollutant sources and transport pathways in catchments, and thereby better guide efforts to target sources or interrupt pollutant transport through the implementation of mitigation measures in these catchments.
